In this paper, Proportional Integral Derivative (PID) controller is designed using Differential Evolution (DE) algorithm to Load Frequency Control (LFC) in three areas of an interconnected power system. The proposed controller has appropriate dynamic response, so it increases damping in transient state in unhealthy conditions. Different generators have been used in three areas. Area 1 includes thermal non-reheat generator and two thermal reheat generators; area 2 includes hydro and thermal non-reheat generators, and area 3 includes hydro and thermal reheat generators. In order to evaluate the performance of the controller, Sim/Matlab software is used. Simulation results show that the controller designed using DE algorithm is not affected by load changes, disturbance, or system parameters changes. Comparing the results of proposed algorithm with other load frequency control algorithms, such as PSO and GA, it has been found that this method has a more appropriate response and satisfactory performance.
INTRODUCTION
A modern power system has a number of generating units. These units are located in different areas. These areas are connected to each other with the help of a tie line to exchange power. When load change occurs in a modern power system, the balance between generated power and load is disturbed. This effect leads to a frequency deviation from the rated value, and the tie line power among different areas is changed from the scheduled value. If large deviations occur, power system may become unstable too.
For successful operation of power system, the balance between generated power and load demand should be maintained. In load frequency control (LFC) oscillations are damped and can maintain frequency and appropriate transient behaviour. Automatic generation control (AGC) includes load frequency control loop and an automatic voltage regulator (AVR) loop that regulates the frequency and power flow [1] . The main purpose of automatic generation control is to maintain frequency at rated value and tie line power at scheduled values when unusual conditions such as load changes, disturbance and system parameters change. For this purpose, intelligent control methods are developed to get the desired dynamic response.
In [2] [3] [4] [5] [6] [7] , intelligent techniques are used to optimize the PID / PI controller parameters. In [2] , Laurent series is used to optimize the PID controller parameters. In [3] , DE algorithm is used to design a 2-Dof PID (Parallel 2 degree freedom off) controller in for load frequency control in an interconnected power system. To eliminate frequency oscillations and tie line power, authors used SA (Simulated Annealing) algorithm for AVR [4] . In [5] , direct synthesis method is used. In this method PID controller parameters are determined by linear algebraic equations. MUGA (Multi objective uniform diversity genetic algorithm) algorithm is implemented to optimize the PI/PID controller parameters [6] . In [8] [9] [10] [11] [12] [13] [14] PI/PID controller parameters are optimized using fuzzy logic in combination with intelligent techniques.
In [8] SAMA (Self-adaptive modified algorithm) algorithm along with fuzzy logic is used to obtain PI controller parameters. A type-2 fuzzy PID controller is designed via BBBC (Bing bang-big crunch) algorithm [9] . In this method, possible uncertainty in large-scale complex systems is considered and type-2 fuzzy sets are used. In order to optimize the PID controller parameters, GA, ANN and ANFIS algorithms are used [10] . Results show that the ANFIS algorithm has a more appropriate response. In [11] , TBLO (Teaching learning based optimization) algorithm is used to obtain fuzzy PID controller parameters.
A hybrid combination of Neuro and Fuzzy is proposed as a controller to solve the Automatic Generation Control (AGC) problem in a restructured power system that operates under deregulation on the bilateral policy.
Recently evolutionary algorithms are used more often. Differential evolution (DE) is a method that repeats the attempt to find optimal points by differentiating a criterion. In classical optimization methods, such as gradient and Newton, a derivative operator is used, while in results of DE the quality criterion search method is used [15] . DE optimizes a problem by maintaining a population of candidate solutions and creating new candidate solutions by combining existing ones according to its simple formulae, and then keeping the candidate solution which has the best score or fitness on the optimization problem at hand. In this way, an optimization problem is treated as a black box that merely provides a measure of quality given by a solution, therefore the gradient is not needed.
In this paper, a PID controller is used for load frequency control in a three area interconnected power system. DE algorithm is used to optimize the controller parameters. By comparing the obtained results of simulations with other intelligent methods, including GA and PSO, the superiority of the proposed algorithm is specified. The impact of sudden load changes and system parameters changes is also considered in the proposed method.
THE SYSTEM MODEL
A three-area power system as shown in Fig. 1 is considered to evaluate the proposed method. Different generation sources are used in each area. Area 1 includes thermal non-reheat and reheat generators, while areas 2 and 3 include hydro and thermal reheat. System parameters are defined in Tab. 1. The connection between different areas is shown in Fig. 1 . The dynamic models of generators used in the simulations are explained in [16] [17] [18] .
As occurrence of any disturbance in each area causes frequency changes in all areas and tie line power deviation from scheduled values. A PID controller is used in each area in order to quickly damp oscillations and to reduce the overshoot and undershoot values. DE algorithm is used to optimize the parameters. Controller input is ACE signal. ACE is a linear combination of tie line power frequency that can be defined for each area i'th as Eq. (1).
In Eq. (1), ΔP tie,ij is the power exchange between areas i and j, β i is basic frequency coefficient of area i and Δf i is frequency deviation of area i. In a multi-area power system, T ij is considered as synchronizing coefficient between areas i and j, and Δp i is also considered as load disturbances in area i.
DESIGN OF CONTROLLER
Differential Evolution (DE) technique is a populationbased heuristic optimization algorithm [14] [15] . Benefits of DE are: Simpleness, efficiency, and real coding. Generally, the base of DE is Genetic Algorithm (GA). However, unlike simple GA that uses binary coding for representing problem parameters, DE uses real coding of floating point numbers. The crucial idea behind DE is a scheme for generating trial parameter vectors. Basically, DE works with two populations; old generation and new generation of the same population. It works through a simple cycle of stages as Fig.
2.
Stage 1: Initial Population A population of fixed size to generated where each variable has its lower and upper bounds.
Stage 2: Mutation Selection of vectors to a base individual in order to explore the search space.
Where: i = 1,…, NP; r 1 , r 2 , r 3 ∈ {1,…, NP} are randomly selected and satisfy; r 1 ≠ r 2 ≠ r 3 ≠ i; F ∈ [0, 1], F is the control parameter/mutation factor proposed by Storn and Price [3].
Stage 3: Recombination or crossover
Mix successful solutions from the previous generation with current donors. The perturbed individual, V iG+1 = (v 1,iG+1 ,…, v n,iG+1 ) and the current population member, V iG = (x 1,iG ,…, x n,iG ) are subject to the crossover operation, which finally generates the population of candidates, or "trial" vectors, U iG+1 = (u 1,iG+1 ,…, u n,iG+1 ) as follows:
With rand i,j ~ U(0, 1), I rand is a random integer from (1, 2,…, D) where D is the solution's dimension, i.e. number of control variables and CR ∈ [0, 1].
Stage 4: Selection
To keep the population size constant over subsequent generations, selection operation is performed. In this operation the target vector X iG is compared with the trial vector V iG+1 and the one with the better fitness value is admitted to the next generation. The selection operation in DE can be represented by:
Proportional integral derivative controller (PID) is one of the most popular feedback controllers in the process industries because of its stability and fast response.
Design of PID controller requires determination of the three main parameters, Proportional gain K p , Integral gain K i and Derivative gain K d . The integral square error (ISE) criterion is considered as the objective function for the present work which is described in Eq. (7) .
Where Δf is the system frequency deviation in area-i and area-j, respectively, 2 tie P ∆ is the incremental change in tie line power and t sim is the time range of simulation. Fig. 3 shows flowchart of proposed DE and PID controller. The problem constraints are the controller parameter bounds. Therefore, the design problem can be formulated as the following optimization problem.
Minimum ISE. Subject to: 
THE SIMULATION RESULTS
An interconnected power system includes three-area power system as shown in Fig. 1 , which is simulated in Sim/Matlab software. System parameters have been defined according to the Tab. 1 and their values are shown in Tab. 2.
Power required in each area is considered to be Δp L = 0.1 pu MW. PID controller is used in each area for automatic generation control. The controller parameters are optimized using DE, PSO, and GA algorithms. 
Controller Performance against Load Changes
In order to evaluate the performance of the controller against possible load variation, the load of all areas changes from −50% to +50%. Figs. 6 and 7 show the frequency deviation and tie-line power exchange between different areas respectively. The amount of overshoot, undershoot and settling time in various states of load changes for three algorithms is shown in Tabs. 4 and 5.
Results in Tabs. 4 and 5 clearly show that increment in rate of load, increases the measured values and the DE algorithm has more satisfactory performance in the case of load changes. The effect of reducing the amount of load up to −50%, settling time for the tie-line power exchange between different areas will be zero.
This shows that the controller proposed is well managed from the beginning and control deviations without any delay within the desired precision and show satisfactory performance. In the case of load reduction up to −25%, the settling time for Δptie23 also has a similar situation. 
Evaluation of Controller against Changes in System Parameters
In order to further evaluate the performance of the proposed controller under various conditions, several system parameters such as 
CONCLUSION
In this paper, the design of an intelligent controller in interconnected large power system has been presented. An extensive analysis of proposed LFC system controller in the interconnected power system has been done when execution of the changes load demand and changes in system parameters are taken into account. Results clearly show that PID controller reaches to zero deviations in steady state in frequency and tie line power quickly.
In order to show superiority of PID designed controller using DE algorithm, the results of the Differential Evolution technique of parameters such as frequency and power tie line changes compared with the results of the PSO and GA algorithms. Results prove that DE algorithm has better overshoot, undershoot and settling time in all possible as compared to PSO and GA. Furthermore, the results of simulations show that the proposed algorithm is not affected by changes in load and uncertainty in the system parameters and the controller has satisfactory dynamic operation. 
